Most Croatian indigenous grapevine cultivars and vineyards are infected with a few dominant viruses. The goal of this study was to establish somatic embryogenesis as an efficient method for virus elimination from valuable Croatian cultivars and creating a reliable source of healthy plants. Somatic embryogenesis was induced from immature anthers and somatic embryogenesis-derived plantlets for seven indigenous cultivars were successfully regenerated. This procedure led to the elimination of viruses GFLV, GLRaV-1, GLRaV-3 and GFkV that were initially detected in the field-grown cultivars 'Plavac mali' and 'Babica' with an elimination success of at least 30%. The described method has the potential for production of virus-free rooted plantlets for all economically important cultivars or superior cultivar clones and for the establishment of a steady source of certified virus-free planting material.
Introduction
Grapevine (Vitis vinifera L.) is one of the world's most important fruit species and in Croatia the more than a hundred indigenous varieties are an important part of the natural heritage. The national collection of Croatian indigenous cultivars contains 130 accessions, which are the result of a long tradition of grape growing in this area (Maletić et al. 2015) . Almost all cultivars are critically endangered since they are, as a rule, grown in very narrow areas, rarely or hardly propagated and represented by fewer than 1000 individuals (Maletić et al. 2015) . Furthermore, most Croatian indigenous cultivars and vineyards are infected with at least a few dominant viruses due to the lack of systematic selection and control, as well as long-term propagation of infected materials. Virus-infected vineyards, besides having a shorter life span, show a decrease in quality and quantity of wine produced. For example, the productive life of vineyards infected by Grapevine fanleaf virus (GFLV) is 15-20 years shorter than would otherwise be expected (Andret-Link et al. 2004 ) and the grapes, must and wine have lower sugar concentration and increased overall acidity, causing economic losses of 80% (Andret-Link et al. 2004) , or even 100% (Raski et al. 1983 ). In addition, Croatia as an EU member state has to adopt the use of certified virus-free planting material. Therefore, establishing an efficient method for virus elimination from valuable Croatian cultivars and providing a stable source of healthy plants is urgently needed. Today, about 65 viruses are known to be infective for the grapevine, but only a few cause significant economic damage (San Pedro et al. 2017) . In Europe, the most damaging virus strains are listed in the classification of the European and Mediterranean Plant Protection Organization (EPPO 2019) . The most widespread are Grapevine leafroll-associated virus 1, 2 and 3 (GLRaV-1, GLRaV-2 and GLRaV-3), Arabis mosaic virus (ArMV), Grapevine fleck virus (GFkV) and Grapevine fanleaf virus (GFLV) (Vončina et al. 2017 , Xiao et al. 2018 . According to the propositions of EPPO, certified virus-free vines should be free of these 5 viruses: ArMV, GFLV, GLRaV-1, GLRaV-3 and GFkV (only rootstocks).
Several approaches for virus sanitation have been tested on different grapevine cultivars. The most important elimination technique for viruses and other pathogens from a large number of plant species is apical meristem culture, but it has a limited efficiency in grapes. In general, plant meristem consists of small actively dividing cells located in the central part of the meristematic zone without peripheral leaf primordia. These cells are not connected by the vascular system to the rest of the plant. Active plant cell division and lack of vascular tissue prevent the spread of the virus to the most apical region of the meristem. Success in the isolation of this small virus-free area determines virus elimination efficiency. Therefore, apical meristem isolation is very demanding, since the size of the explant must be as small as possible (< 0.5 mm for V. vinifera) in order to reduce the risk of contact with the vascular system and the virus (Sim and Golino 2010) . Moreover, the low survival rate of such small explants in tissue culture (10-30%), additionally decreases the overall success of the method (Sim 2006) . Apical meristem isolation might be combined with exposure of plants to high temperatures (thermotherapy) or application of chemicals (chemotherapy), both slowing down the spread of the viruses. The therapies are commonly used in combination and substantially increase the efficacy of the apical meristem culture-based virus elimination (Wang et al. 2018 ), but they are frequently connected with new sets of unwanted effects such as phytotoxicity. Moreover, some viruses cannot be eliminated by any of the described meristem-based procedures (Sim 2006 ).
An alternative method used for virus elimination is somatic embryogenesis (SE). In this process somatic cells give rise to somatic embryos, which develop a way similar to that of their zygotic counterparts. The power of SE as a propagation tool becomes especially apparent when the goal is to generate large numbers of propagules (Barlass and Skene 1978) . Successful SE, subsequent maintenance and plantlet regeneration have been established for many species including V. vinifera (Gray and Meredith 1992) . It was first demonstrated in 'Cabernet Sauvignon' with the use of nucellar tissue (Mullins and Srinivasan 1976) and later on confirmed on a variety of grape explants such as leaf segments (Robacker 1993) , zygotic embryos (Emershad and Ramming 1994) , shoot tips (Barlass and Skene 1978) , tendrils (Salunkhe et al. 1999) , anthers (Stamp and Meredith 1988, Salunkhe et al. 1999) , ovaries (Gray and Mortensen 1987) and seeds (San Pedro et al. 2017) . The potential of SE in virus elimination is based on the fact that somatic embryos develop from just one somatic cell or a few-celled cluster, where embryos develop separately from the mother plant's vascular system (Newton and Goussard 1990) . As in the apical meristem, fast cell divisions during the onset of embryogenesis and postponed development of vascular system inhibit virus replication, propagation and spread through the newly developed embryo. Somatic embryogenesis could be effective in elimination of almost all viruses (Gambino et al. 2009 (Gambino et al. , 2011 including the recalcitrant "Rugose wood" complex , which gives SE an important advantage when compared to other methods. On the other hand, SE has some limitations during the induction step as well as the embryo-to-plant conversion step (Goebel-Tourand et al. 1993 , López-Pérez et al. 2006 . The overall success varies from 0% in some cultivars to up to 83% in others (Xu et al. 2005) . Also, explant type, composition of the medium, physiological status of donor plant and culture conditions have a remarkable impact , Prado et al. 2010 . In conclusion, the standardization of the SE protocol for particular cultivar is rather difficult (Dhekney et al. 2009 ).
In this work we report the results of a study in which SE was initiated and standardised for a set of seven indigenous Croatian cultivars. Field-grown donor plants and SE-derived plantlets were inspected for the presence of 6 typical viruses GFLV, ArMV, GLRaV-1 -2, -3 and GFkV. The results showed that viruses GFLV, GLRaV-1, -3 and GFkV present in donor plants were successfully eliminated by the SE. This is also one of only few reports that includes detection of viruses in Croatian cultivars by RT-PCR (Vončina et al. 2017 ), a method that has a higher sensitivity than the routinely used serological ELISA .
Material and methods

Plant Material
Plant material was collected from the National Collection of Indigenous Grape Varieties of the Republic of Croatia located in the experimental field at Jazbina (Faculty of Agriculture, University of Zagreb). For explant isolation, inflorescences from Vitis vinifera L. 'Babica', 'Plavac mali', 'Babić', 'Pošip', 'Malvazija dubrovačka', 'Ljutun' and 'Teran' were collected in May and June, 2014 and 2015, approximately 2-3 weeks before anthesis.
Alternatively, explants were isolated irrespective of the season, from dormant vine cuttings (approx. 30 cm in length) induced to form inflorescence by immerging their basal side into distilled water and exposing them to a 16 h day/8 h night photoperiod (Daylight florescent tube 40 W, 400-700 nm 17 Wm -2 ) at 26 °C. Identical conditions were used to obtain young leaf material for phenotype and RT-PCR analysis of donor plants.
Sterilization and inoculation of explants
Inflorescences used as explant donors were incubated for 1 minute in 70% ethanol followed by 2-3 washes in sterile distilled water. They were then incubated for 10 minutes in 50% sodium hypochlorite solution (1.5% available chlorine final concentration, Kemika), 0.1% Mucasol ® (Merz Consumer Care GmbH) and 0.1% Tween with constant agitation. Inflorescences were rinsed three times with sterilized distilled water in a sterile air-flow cabinet and kept 1-3 days on a wet filter-paper in Parafilm-sealed Petri dishes at 4 °C prior to explant isolation and culturing.
Anthers were isolated from young buds (Ø 1.5 mm), and used as explants ( Fig. 1A) . At that stage, anthers were 0.8 -1.2 mm long with yellowish and translucent locules and clear cell walls, representing the most reactive stage for induction of embryogenesis (Dhekney et al. 2009 ).
Individual flower buds were aseptically removed from inflorescence and opened by cutting the basal side of the bud. Filaments were cut at their bases using a thin medical needle (diameter 0.25 mm) under the stereomicroscope and together with the attached anthers placed with the adaxial side on top of the solid growth medium. Explants were cultivated at 26 ºC in the dark. Twenty to 25 explants were inoculated per small Petri dish (Ø 30 mm).
Somatic embryo induction and development
In this study we used MS medium (Murashige and Skoog 1962) , NN (Nitsch and Nitsch 1969) and PIV medium (Franks et al. 1998 ), all described as embryo inductive (Newton and Goussard 1990 , Morgana et al. 2004 , Xu et al. 2005 , Cadavid-Labrada et al. 2008 , Dhekney et al. 2009 ). Media were supplemented with three plant growth regulators (PGRs): 6-Benzylaminopurine (BA), naphthoxyacetic acid (NOA) and 2,4-dichlorophenoxyacetic acid (2,4-D) in different combinations and ratios (Dhekney et al. 2009 ). In addition, some modifications have been applied to all of the listed media (patent pending, application number RH P20190444, will be published in September 2020). In general 12 media formulas have been tested in order to identify the most effective combination for the majority of the Croatian grapevine varieties tested. All the media were supplemented with 2% (w/v) sucrose and 7% (w/v) agar and pH was adjusted to 5.8 before sterilization. Media were sterilized at 121 ºC 103 kPa for 15 minutes.
Media for embryo development were of the same composition as those used for embryogenesis induction, with standard MS nitrogen and without PGRs. All media were supplemented with activated charcoal (0.25%). Mass of proembryogenic structures, globular and hearth stage embryos were spread individually onto the appropriate medium and cultured in a 16 h day/8 h night photoperiod (Daylight florescent tube 40 W, 400-700 nm 17 Wm -2 ) at 26 °C. Subculturing was done at 4-to 6-week intervals.
Plant regeneration
Torpedo stage embryos (apical basal length 2 -3 mm) were induced to germinate on the embryo germination (EG) medium supplemented with 10 µM indole-3-acetic acid (IAA) and 1 µM gibberellic acid (GA3) (López-Pérez et al. 2005) . Five embryos were placed per Petri dish and cultivated vertically in normal gravitropic root-shoot orientation in the following growth chamber conditions: 26 °C and 16/8 h photoperiod. Plantlets with well-developed root and green leaves were subsequently transferred to glass test tubes (14 × Ø 2.5 cm with 20 ml of EG medium) in order to grow more robust plantlets. After the plantlets developed 5-10 cm shoot (> 5 true leaves), they were planted in small pots (7 × 7 cm) filled with a 5:1 soil substrate and sand mixture (Steckmedium, Klassman-Deilmann, Germany) and transferred to Magenta M-7 boxes for acclimatization. Acclimatisation was performed during a 7-10 day period. Immediately after transferring the plantlets to soil, the lids of the Magenta boxes were tightly closed in order to develop high humidity conditions. Starting on the 3 rd day, the lid was slightly loosened till day 5. Then the lid was fully removed and very loosely returned on top of the Magenta box leaving a small space for direct air circulation between the box and the growth chamber. From day 6 to day 10 the air circulation was gradually increased by moving the lid position. On day 11 the lid was fully removed. Well acclimatized plantlets showed vigorous leaf growth during the next 1-2 weeks.
Phenotypic analysis of plants used as source material for somatic embryogenesis
Colour, chlorotic mottling and leaf deformations were analysed on autumn leaves of naturally growing plants that were used as explant donor and on young leaves induced from dormant cuttings (collected in January 2018).
RNA isolation and RT-PCR
For total RNA isolation, 50 mg of leaf tissues including leaf veins were collected from both virus-infected and virus-free plants (regenerated through SE) and immediately frozen in liquid nitrogen. Leaves of regenerated plantlets were harvested one year after their acclimatisation to ambient conditions in the growth chamber. Nitrogen frozen tissue was homogenized for 3 minutes in Retsch MM 200 homogenizer at 30 Hz using four metal beads (Ø 3 mm).
Total RNA was extracted from the samples using a Thermo Scientific MagJET Plant RNA kit following the manufacturer's instructions for manual plant total RNA purification. Lysis Buffer from the kit was supplemented with dithiotreitol (1,4-Dithiothreit, Carl Roth) at final concentration of 0.4 M and polyvinylpyrrolidone (PVP40, Sigma-Aldrich) at a 2% (w/v) final concentration.
Modification was made regarding the DNase treatment: 2 µg of isolated RNA was treated with DNase I (Amplification grade, Invitrogen) and thereafter the enzyme was inactivated following manufacturer's protocol. RNA purity and concentrations were determined using NanoDropTM 1000 Spectrophotometer (Thermo Scientific).
Isolated total RNA was used for virus detection by a two-step RT-PCR reaction, using six virus-specific primer pairs and a primer pair for 18S ribosomal RNA internal control (Tab. 1) . First-strand cDNA was synthesised using 1 µg of isolated RNA, 200 units of RevertAid H Minus Reverse Transcriptase, 1 × Reaction Buffer (Thermo Scientific), 50 units of RNase inhibitor (RiboLock, Thermo Scientific), 0.5 mM dNTPs (Sigma-Aldrich) and 1.25 µM Random nonamers (Sigma-Aldrich). RT reaction mix (20 µL) was incubated for 50 min at 37 °C. For each target virus or gene, PCR reaction mix (25 µl) was prepared using 2 µl of cDNA, 0.2 µM of each virus-specific primer, 1 unit of GoTaq Flexi DNA polymerase, 1 × GoTaq Flexi Buffer (Promega), 0.2 mM dNTPs (Sigma-Aldrich) and 2,5 mM MgCl2 (Thermo Fisher Scientific). Cycling conditions for all primer sets were as follows: initial denaturation at 95 °C for 2 min, 35 cycles at 95 °C for 30 s, 57 °C for 30 s and 72 °C for 1 minute, ending with a final elongation at 72 °C for 5 minutes.
Reaction products were analysed by electrophoresis on a 2.5% agarose gel (1 × TAE buffer) and visualised by UV light after staining in ethidium bromide.
Results
Induction of somatic embryogenesis
In this study, 'Plavac mali' has been chosen as a priority cultivar for virus elimination because it belongs to the group of the most endangered Croatian cultivars (Maletić et al. 2015) and has a high importance for vine production. Immature anthers in developmental stage 2 and 3 ( Fig.1A) were cultivated on MS (Murashige and Skoog 1962) , NN (Nitsch and Nitsch 1969) and PIV (Franks et al. 1998 ) media. Unfortunately, none of them could induce SE in 'Plavac mali'. We further tested different modifications of ammonium and nitrate composition (Leljak and Jelaska 1995) and different 2,4-D, NOA and BA ratios to determine the most inductive formula. Eventually, the appropriate media composition, further designated as NMM medium (patent pending), enabled good explant reactivity in which 18/200 (9%) explants developed embryogenic calli within the first month in culture (5 explants) or later (13 explants) ( Fig. 1B-D, Tab. 2). The explant response in 'Plavac mali' was visible as unorganized growth along the filament as soon as 2 weeks after the explant inoculation (Fig. 1B) . Four weeks later, embryogenic structures were formed (Fig. 1C) , while after 6-8 weeks of culturing, a sufficient amount of embryos were obtained and used for the induction of next developmental stages (Fig. 1D) . The same procedure was applied for the induction of SE in other Croatian indigenous cultivars: 'Malvazija dubrovačka' (Fig. 2A) , 'Teran' (Fig. 2B) , 'Babica' (Fig. 2C) , 'Pošip' (Fig. 2D) , 'Babić' (Fig. 2E) and 'Ljutun' (Fig. 2F) . The highest efficiency of somatic embryogenesis was obtained in 'Babica' (70%) while, next to 'Plavac mali' the lowest efficiency of 16% was obtained in 'Malvazija dubrovačka' (Tab. 2).
Development of somatic embryos
Beside the appearance of proembryogenic mass, during the cultivation on the induction medium NMM, some embryogenic structures developed further into globular and hearth stage embryos. Pronounced embryo maturation was established after removal of PGRs from the NMM composition and the addition of 0.25% activated charcoal. Approximately two weeks after subculturing of the embryogenic calli onto embryo development medium, globular, heart and torpedo stage embryos were predominantly formed ( Fig. 2C-F) . Some embryos sporadically developed well-formed cotyledons. After removing a single torpedo stage embryo from the underlying callus, a narrowed point of attachment reminiscent of suspensor was apparent (Fig. 3A) as previously described by Jayasankar et al. (2003) . The embryos were not attached to each other, so their separation was simple and did not damage their structures. For transfer to germination medium, we used 1-3 mm torpedo stage embryos in the apical-basal orientation (Fig. 3A) or early cotyledonary embryos (Fig. 3B ).
Plantlets regeneration
After transferring torpedo or cotyledonary stage embryos onto EG medium, they were able to form embryogenic root and cotyledons on the opposite poles, acquiring a clear root-shoot axis followed by hypocotyl elongation and development of green cotyledons. Development was continued until the emergence of the first leaves ( Fig. 3C ) when they were transferred from Petri dishes to glass test tubes. After 3 to 4 weeks, they reached a height of approximately 2-3 cm (Fig.  3D, E) . For each cultivar ten somatic embryo-derived plantlets were transferred from Petri dishes to test tubes, magenta boxes and finally acclimatised to grow in growth chamber conditions (Fig.  3F, G) .
Sanitary status of naturally growing plants used as explant donors
Sanitary statuses of vines used as explant donors for cultivars 'Babica' and 'Plavac mali' were analysed. Clearly visible phenotypic characteristics of infection (Martelli 1993 , Andret-Link et al. 2004 , Meng et al. 2017 were obvious on leaves of both cultivars (Fig. 4A-D) . In 'Babica' the area around the leaf veins was darker and the edges were twisted downwards (Fig. 4A) . In mature leaves anthocyanin accumulation was pronounced (Fig. 4B) . Although a widely used method for virus detection is based on serological tests (enzyme-linked immunosorbent assay -ELISA), here we used the more sensitive reverse transcription polymerase chain reaction -RT-PCR to test the presence of six dominant grapevine viruses: GFLV, ArMV, GLRaV-1 -2, -3 and GFkV. The results showed that the phenotype of 'Babica' described was provoked by the presence of GLRaV-3 and GFLV viruses, since both were detected in donor plants (Fig. 4E) . The presence of a symptomless GFkV (Bota et al. 2014) was also detected by RT-PCR.
The mature leaves of V. vinifera 'Plavac mali' showed the most pronounced disease symptoms. Such results were confirmed by RT-PCR analysis. Namely, in all V. vinifera 'Plavac mali' plants with significant phenotypic symptoms of infection, among six viruses tested for, three (GLRaV-1, GLRaV-3 and GFLV) were detected. As described above, the twisted edges and darkening of the vein area in young and older leaves of 'Plavac mali' (Fig. 4C, D) are symptoms characteristic of viruses from the leafroll complex (GLRaVs). RT-PCR analysis demonstrated that the symptoms of V. vinifera 'Plavac mali' are likely to be caused by GLRaV-1 and GLRaV-3. Similarly, the pronounced chlorosis of mature leaves (Fig. 4D) was caused by GFLV infection.
Sanitary status of somatic embryogenesis derived plantlets
Three out of ten SE-derived plantlets of cultivars 'Babica' and 'Plavac mali' were randomly selected for sanitary status analysis. Virus presence in SE-derived plants was determined by RT-PCR with the same parameters already used for explant donor plants. The results showed that for 'Babica' two out of three plantlets were completely free of three viruses (Fig. 5A ) previously detected in donor plants. The third plant was still infected with GFLV ( Fig. 5B) . Similar results were obtained with the cultivar 'Plavac mali', in which one plant was completely virus-free ( Fig.  5C ) while two plants were still infected by GFLV (Fig. 5D ).
Discussion
Somatic embryogenesis and plantlets regeneration
There are several reports on SE regeneration system in Vitis showing that a series of factors such as the genotype, the developmental stage and type of explant, physiological and sanitary status of donor plants, culture media and PGR composition all affect efficiency of the method . Immature anthers at developmental stage 2 and 3, used in our work as explants, were previously shown as the most reactive explant type regarding SE success in different grapevine cultivars (Cadavid-Labrada et al. 2008 , Dhekney et al. 2009 ). Moreover, MS (Murashige and Skoog 1962) , NN (Nitsch and Nitsch 1969) and PIV (Franks et al. 1998 ) media were previously described as embryo-inductive for the majority of tested V. vinifera cultivars (Newton and Goussard 1990 , Morgana et al. 2004 , Xu et al. 2005 , Cadavid-Labrada et al. 2008 . None of them was embryo-inductive for the Croatian cultivars tested. Consequently, we tested different modifications of listed media regarding ammonium and nitrate composition (Leljak and Jelaska 1995) as well as different 2,4-D, NOA and BA ratios to determine the most inductive formula for the seven Croatian grapevine cultivars. The composition of nitrogen sources and PGRs in newly established NMM medium enabled a rather low somatic embryo induction in 'Plavac mali' and 'Malvazija dubrovačka', while in other tested cultivars explant reactivity was higher than 50%. The obtained high levels of embryogenesis induction in most of the cultivars are in agreement with somatic embryogenesis efficiency higher than 80% or 27% as described in Cadavid-Labrada et al. (2008) and Morgana et al. (2004) , respectively. Morgana et al. (2004) suggest stigma/style explants as a more favourable type for somatic embryogenesis while Cadavid-Labrada et al. (2008) and Dhekney et al. (2009) emphasize anthers as the most advantageous type of explant. Dhekney et al. (2009) demonstrated in their work that anthers are more suitable than pistils; embryogenesis was successfully induced in 25 out of the 26 cultivars when anthers were used compared to 22 reactive cultivars in experiments on pistils, thus rejecting hypotheses that female organs are the most responsive explants (Kikkert et al. 2005) . In our work with 'Plavac mali', embryogenesis was not obtained when ovules or pistils were used (data not shown).While in previous reports induction medium is adjusted for each particular cultivar (eg. 'Sugraone' in Morgana et al. 2004; 'Carménére' in Cadavid-Labrada et al. 2008) , we succeeded in developing only one medium formula for seven cultivars. It should be noted that in our work we used as explants the most reactive developmental stages of immature anthers. This additionally increased the rate of the reactivity, compared to those obtained in Dhekney et al. (2009) .
The onset of embryogenesis was characterised with tissue proliferation along anther filaments which coincide with the results of Faure et al. (1996) who showed that grapevine anther cultures usually produce embryogenic tissue from diploid cells of filament connective tissues. This somatic origin of embryogenic tissue is important for enabling progeny genetically identical to the mother plant (Faure et al. 1996) thus preserving cultivar identity.
Finally, our goal was to find a medium with potential for the induction of SE in most of the tested Croatian cultivars. In conclusion, our newly established formula (NMM) enables induction of embryogenesis in all tested cultivars. After removal of PGRs, pronounced maturation was induced, and globular, heart and torpedo stage embryos were predominantly formed. Further development of embryos includes hypocotyl elongation and development of green cotyledons (Cadavid-Labrada et al. 2008) . Since germination and plantlet regeneration were higher than 80%, this was not a limiting step in our report, or in the reports of others (Cadavid-Labrada et al. 2008) . Interestingly, in contrast to the previously reported need for dormancy breaking treatment like stratification (Jayasankar et al. 2003) , in our work the addition of GA3 to germination media was sufficient for direct germination without a stratification period (Pearce et al. 1987) .
Sanitary status of field-grown plants used as explant donors
Phenotypic analysis was done on leaves induced from dormant vine cuttings as well as on autumn leaves of field-grown 'Babica' and 'Plavac mali' that were used as explant donors. The clearly visible phenotypic characteristics of infection were a darker area around the leaf veins and downward-twisted leaf edges (Martelli 1993 , Andret-Link et al. 2004 , Meng et al. 2017 ). Both symptoms are characteristic of red varieties infected with the most widespread and damaging viruses (Alliaume et al. 2018 , Sabella et al. 2018 of the leafroll complex (Meng et al. 2017 ). In the advanced phase of infection, the viruses of the leafroll complex cause anthocyanin accumulation. Presence of yellow mosaic chlorosis, fan-like morphology and vein yellowing (Oliver and Fuchs 2011) indicate presence of GFLV. RT-PCR analysis confirmed that described phenotypes were provoked by presence of GLRaV-3 and GFLV. The presence of GFkV is not connected to the visible symptoms since it is an symptomless virus for grape (Bota et al. 2014) . By SE regeneration, we obtained at least one completely virus-free plantlet out of three tested while the other plants remained infected only with GFLV. GFLV is a soil-borne nepovirus and the main agent of the most damaging and widespread viral diseases affecting grapevine (Gambino et al. 2009 ). In sensitive cultivars this nepovirus can cause rapid death of young plants or a progressive decline over several years (Martelli 1993) . In contrast to phloem-limited viruses, GFLV and other nepoviruses readily invade meristems, embryogenic calli (lacking vascular system) and embryo-derived plantlets. Neither the meristem culture nor SE are efficient enough for its eradication without additional thermotherapy (Goussard and Wiid 2017) . In contrast, Gambino et al. (2009) showed that GFLV elimination is possible without thermotherapy, which according to the authors was enabled by prolonged exposure of explants and calli to auxins and cytokinins that have detrimental effects on some viruses (Clarke et al. 1998) . In our study, the exposure to PGRs was shortened to provide maximum cytological and genetic stability during cultivation (Bennici et al. 2004 , Morgana et al. 2004 ). Therefore, we can assume that complete virus elimination is possible in other cultivars, but it is necessary to carry out further testing on a wider number of regenerated plants.
Taken together, our protocol enabled regeneration of seven Croatian cultivars through somatic embryogenesis within 10 to 12 weeks. In addition, for two tested cultivars we obtained at least one plantlet cleaned of all viruses that were initially detected in the donor plants.
By using our virus elimination protocol in combination with nodal segment propagation, it is possible to obtain a high number of healthy plantlets from just one healed SE-derived plant in a rather short period of time. Therefore, our results are of great importance with respect to the further development of virus elimination methodology and for the establishment of a steady source of certified virus-free planting material for Croatian vineyards.
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